The effect of various non-SH-containing amino acids on an electron spin resonance spectrum as well as on an optical absorption spectrum of an aqueous copper (II) solution was investigated. The data obtained indicate that a charge-transfer complex is formed with amino acids acting as electron donors. A plot of the wavelength of the CT-band vs. the pK values of the carboxyl group exhibits a straight line with the larger pK values appearing at shorter wavelengths. Similar results were obtained when the intensity was plotted vs. the pK values of the amino group; again, higher pK values correspond to lower intensities. Thus, the method allows the determination of the pK values of prosthetic groups of amino acids. The data obtained are in good agreement with the CT-theory.
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The effect of various non-SH-containing amino acids on an electron spin resonance spectrum as well as on an optical absorption spectrum of an aqueous copper (II) solution was investigated. The data obtained indicate that a charge-transfer complex is formed with amino acids acting as electron donors. A plot of the wavelength of the CT-band vs. the pK values of the carboxyl group exhibits a straight line with the larger pK values appearing at shorter wavelengths. Similar results were obtained when the intensity was plotted vs. the pK values of the amino group; again, higher pK values correspond to lower intensities. Thus, the method allows the determination of the pK values of prosthetic groups of amino acids. The data obtained are in good agreement with the CT-theory.
For several years there have been speculations about the possible role of charge-transfer (CT) complexes in different biological systems 1 ' 2 . Most of the investigations dealt with 7i -n CT-complexes; however, complexes of the n -n type are also possible since many biomolecules contain suitable lonepair electrons. Considerable progress was achieved in the case of amino aoids and proteins 3 ; their electron donor properties seem to be well established. Studies on nucleic acids and their components (bases, nucleosides, nucleotides 4 ) showed purine derivatives to be electron donors, too. Moreover, stability constants of the complexes obtained indicated that the pyrimidine derivatives are weak donors only. In the case of uracil and its halogenated derivatives acceptor properties cannot be excluded. This would support the theoretical predictions by BRILLOUIN 5 who assumed that the argenine-thymine and guanine-cytosine interactions are possibly donor-acceptor interactions. given to the involvement of metal ions, although many biomolecules are known to contain them. Their structural incorporation as well as their functions are still unsolved in many instances.
The observations that some metal ions are present in deoxyribonucleic acid (DNA) 6 > 7 and that the addition of copper(II) ions reversibly denatures DNA 8 stimulated the interest in the interactions between the bases and metal ions. These interactions might have a marked effect on the key hydrogen bonds in biological systems. In addition, the importance of metal ions for some enzyme reactions and for electron transfer processes 9 , such as in photosynthetic units and in mitochondria, stimulated our interest to investigate the interactions between aliphatic amino acids and copper(II) ions in regard to charge-transfer complexing.
Materials and Methods
The amino acids used for this investigation were obtained from Mann Research Laboratories, Inc., New York, New York, and were of reagent-grade quality. They were used without further purification. Different concentrations of the amino acids were prepared by dissolving them in aqueous solutions of 0.15 mM CuCl2 (optical absorption measurements) and 150 mM CuCl2 [electron spin resonance (ESR) studies]. Doubly distilled water was used as the solvent throughout the experiments.
The optical absorption spectra were determined with a Cary 15 spectrophotometer. In each case the difference spectra (mixture of amino acid and copper (II) ions vs. amino acid) were recorded. The ESR spectra were obtained with a Varian V4502 100-kc ESR spectrometer using a liquid sample accessory. A DPPH (diphenylpiorylhydrazil) standard (g = 2.0036) was used as a reference for marking resonance positions. The first derivative of the absorption curve was recorded. Fig. 1 shows the effect of different amino acidi on the copper(II) ESR signal used as a control. The spectra obtained were identical for all non-SHcontaining aliphatic amino acids. The hf splitting occuring with increasing concentrations of amino acids strongly suggests an interaction between the two constituents.
Results and Discussion
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The formation of such a charge-transfer complex is also confirmed by optical absorption studies (see Fig. 2 ). As can be seen in these difference spectra, a new broad band appears with increasing concentration of glycine; the copper(II) ion concentration was kept constant: 0.15 MM. An increase in intensity and a red displacement occur with increasing glycine concentration. It should be pointed out that these complexes are rather stable since there was no change with time in the spectra.
In general, the same results were obtained with other aliphatic amino acids. However, a comparison of the CT-bands of different amino acids of the same concentration (5.0 MM) showed that the bands were located at different wavelengths and exhibited different intensities depending on the amino acid used.
A decrease in maximum absorption frequency is, according to M u 11 i k e n's CT-theory, equivalent to a decrease in the dissociation constant of the complex. Since the functional groups of the amino acids are involved in the formation of complexes with metal ions it should be of interest to find out the existence of a possible correlation between the observed optical data and the pK values of amino acids.
In Fig. 3 , the pK values of the carboxyl group are plotted vs. the wavelength of the CT-bands using a constant concentration of the various amino acids (5.0 MM). The values of glycine and serine were used for calibrating the curve. Whenever the values agreed with those ones, wich were also obtained by other methods, they were marked with a dot (•). A As can be seen, most of the values are located on a straight line which can be expressed as ZcT-band = -0.7536 pK + b with 2 nm ^ 0.05 pK units. The exceptions are the diamino, monocarboxylic acids (ornithine, lysine) and the monoamino, dioarboxylic acids (aspartic acid, glutamic acid). The deviations obtained with ornithine and lysine are probably caused by the presence of HCl. It is interesting to note that the other diamino, monocarboxylic acids, arginine and citrulline, act like monoamino, monocarboxylic acids indicating that the amino group in <5 position does not participate, to any larger extent, in the formation of the complex.
The results obtained are in very good agreement with the CT-theory: an increase in the wavelength of the CT-band is equivalent to a decrease in the dissociation constant. Moreover, methylation causes a decrease in the ionization potential resulting in an increase in the wavelength of the CT-band and, thus, in a decrease in the pK values. The data obtained confirm this prediction: the CT-band of sarcosine, a methylglycine, is located at a considerablv higher wavelength that the one for glycine.
A plot of the intensity of the CT-band vs. the pK values of the amino group, using alanine and serine for calibration, exhibits again a straight line for most of the amino acids tested (see Fig. 4 ). Again, deviations were obtained with the same amino acids mentioned in Fig. 3 . The intersection of the measured intensity of ornithine and lysine with the lower dashed line and the solid line, resp., results in the pK values of the two amino groups of those two amino acids. The same applies for asparagine and glutamine using the solid line and the upper dashed line. An explanation cannot be offered for this deviation as yet. In a few cases, it has been possible to determine the pK values for the first time. An interesting result is obtained when the copper (II) ion concentration, at constant amino acid concentration, is varied. In this case (see Fig. 5 ), the wavelength of the CT-band remained unchanged (at 211 nm) ; only the intensity increased proportionally to the copper concentration. From the results obtained it might be concluded that the amino acids investigated form a chargetransfer complex with copper(II) ions. These complexes are rather weak as indicated by the ESR spectra. This is in agreement with PEARSON'S classification according to which the two prosthetic groups (NHo, COO e ), available for complex formation, are hard ligands n . With metal ions, they undergo electrostatic or d covalent interactions. This interaction is the stronger the smaller the ionization potential of the donor (amino acid). Thus, the most stable complexes have the largest absorption wavelength. As demonstrated above, this method is useful for determining pK values of amino acids. The values obtained are very accurate; the standard deviation is less than 2 percent.
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